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The modulus of rupture of sapphire single crys- 
tals was determined as a function of tempera- 
ture for specimens with orientations favoring 
plastic deformation and for specimens with un- 
favorable orientations. From 600°C. to lOOO’C., 
the strength of both types increased with increas- 
ing temperature, but the increase was more pro- 
nounced for the former. Ruby specimens 
oriented favorably for plastic deformation also 
showed a large increase in strength. It is con- 
jectured that the increase in strength results 
from stress relief by microscopic plastic deforma- 

tion. 

1. Introduction 
HE strength of brittle materials depends on many factors 
such as loading rate, temperature, and surface condition. T For single crystals, it may also depend on orientation. 

This paper considers the unusual increase in the strength of 
single crystal sapphire with increasing temperature in the 
range 600’ to 1OOO”C. under conditions of constant loading 
rate, constant surface condition, and known orientation. 

The modulus of rupture of both polycrystalline aluminum 
oxide and single crystal aluminum oxide (sapphire) has been 
measured as a function of temperature by Jackman and 
Roberts.‘ A striking contrast was found: The polycrystal- 
line specimens showed little change in strength with increasing 
temperature up to 700’C., and at higher temperatures the 
strength decreased markedly. Results for single crystal 
specimens showed great scatter but indicated that the strength 
had a minimum value in the range 300” to 600°C. and that 
at 1OOO”C. the modulus of rupture is approximately equal 
to its room temperature value. The decrease in the strength 
of polycrystalline aluminum oxide has been attributed to 
stress concentrations resulting from grain-boundary slip.2 
In this paper some data and observations are presented which 
support the hypothesis that the increase in strength of 
sapphire above 600°C. is related to plastic deformation at 
stress concentrations. This possibility was suggested by 
Jackman and Roberts’ and recent knowledge of the mecha- 

nism of plastic deformation in sapphireJ suggests an experi- 
mental test. Creep in sapphire occurs by slip on the (OOO1) 
plane for temperatures below 1600°C.8(b’ Thus, if 0 is de- 
fined as the angle between the direction of applied tensile 
stress (the direction of the specimen axis) and the [OOOl] 
direction, a specimen with 0 equal to 45’ is most favorably 
oriented for creep, but an ideal specimen with 0 equal to 90” 
or 0” should not undergo creep. Actual specimens, however, 
are not ideal. The specimens used by Jackman and Roberts 
had 0 values in the range 33” to 64’‘ and so were favorably 
oriented for creep. If stress relief by creep at a stress con- 
centration is responsible for the increase in strength above 
600”C., specimens with 0 equal to 0” should show a smaller 
increase. The increase may not be entirely absent in such 
specimens because the angle between the local direction of the 
maximum tensile stress and the [OOOl] direction may not be 
zero near a stress concentration such as those that might be 
caused by microcracks. 

II. Materials and Results 
The specimens were synthetic flame-polished rods 0.100 

in. in diameter and 1.5 in. long, obtained from the Linde Air 
Products Company. Modulus of rupture was determined for 
sapphire with 0 equal to 45”, sapphire with 0 equal to O’, and 
ruby with 0 equal to 45”. The modulus of rupture was de- 
termined with a bend-test apparatus described by Burdick 
and Parker.6 The specimens with 0 equal to 45” were tested 
with the [OOOl] direction in the plane of bending. An initial 
load corresponding to a stress of 1000 kg. per cm.* was ap- 
plied and then increased at a rate corresponding to 1200 kg. 
per cm.2 per minute until failure occurred. The stress was 
calculated from 

2Pu 
Tra 

Q = -  

P = load. 
a = moment arm. 
r = radius of specimen. 

The modulus of rupture was taken to be the stress calculated 
from equation (1) using the load at failure. 

It should be noted that the use of modulus of rupture, cal- 
culated from equation (l), as a measure of strength is open to 
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criticism because this equation is strictly correct only for 
tests in which there is no plastic deformation. Use of 
equation (1) may give values of stress 1.7 times the true 
value if plastic deformation several times as great as the 
elastic deformation occurs.6 Examination of specimens on 
a flat surface after test, however, gave no evidence of 
macroscopic plastic deformation. I t  is thought, therefore, 
that the calculated modulus of rupture values are a true 
indication of relative strength. 

Measurements were made in standard statistical patterns 
on sets of specimens cut from several long rods. For example, 
the first experiment on the sapphire rods with B equal to 45' 
was a Youden square design7 in which 28 specimens, cut from 
7 long rods, were tested at  7 temperatures and the best 
estimate for the modulus of rupture at each temperature was 
calculated. The best estimates are shown in Fig. 1. 

111. Discussion 
The data are consistent with the hypothesis that micro- 

scopic plastic deformation at stress concentrations is respon- 
sible for the rise in strength above 600'C. Three observa- 
tions may be made to support this assertion: 

First, there is a large increase in strength for both 45' 
sapphire and 45' ruby. 

Second, the rise in strength from 600'C. to 1000'C. of 0' 
sapphire is, as expected, much smaller than the increase in 
strength of 45' ruby and sapphire. 

Thud, there is much greater scatter in strength values from 
measurements made at temperatures below 600'C. than from 
measurements made at higher temperatures. This differ- 
ence in scatter is clearly evident in the individual values from 
which the averages shown in Fig. 1 were calculated. I t  
seems reasonable that partial relief of stress concentrations 
should decrease the scatter in strength values. 

In connection with the first point, it should be noted that 
the creep yield stress for synthetic ruby, although it may be 
twice the creep yield stress for synthetic sapphire (pure 
aluminum oxide)a(*) is still orders of magnitude less than the 
theoretical strength. When failure occurs, it presumably 
begins in a small region where the concentrated stress has 
reached the theoretical strength. Before this happens, the 
stress in this region must greatly exceed the creep yield stress 
of either sapphire or ruby and, therefore, it is reasonable to 
expect the same rise in strength for 45' ruby as for 45' 
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Fig. 1. Modulus of rupture of synthetic shgle-crystal sapphire and ruby. 

sapphire despite the fact that a larger stress is required to 
cause macroscopic creep in ruby than in sapphire. 

IV. Summary 
The hypothesis that a limited amount of microscopic 

plastic deformation at stress concentrations is responsible for 
the observed increase in strength with increasing temperature 
for sapphire and ruby in the range 600' to 1000'C. has been 
tested by measuring strength in two different orientations- 
one favoring creep (plastic deformation) and one not favor- 
able for creep. The data support the hypothesis. 
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